ABSTRACT Mucin dynamics may be particularly sensitive to a Thr deficiency due to the high concentration and structural importance of Thr in the mucin protein backbone. Intestinal mucin secretion, expression of mucin gene (MUC2), and histological characteristics were investigated in male broilers and White Pekin ducklings offered diets containing 3.3, 5.8, or 8.2 g of Thr/kg in 4 studies. Seventy-two birds of each species were fed a standard broiler starter diet from 1 to 14 d of age followed by assignment to 3 dietary treatments in a randomized complete block design for a 7-d feeding trial in experiment 1 (broilers) and experiment 2 (ducklings). The dietary treatments consisted of an isonitrogenous corn-soybean meal-based diet with the addition of crystalline amino acids and graded levels of Thr. Dietary treatments contained 3.3, 5.8, or 8.2 g of Thr/kg. Dietary formulation and experimental design for experiments 3 (broilers) and 4 (ducklings) were similar to experiments 1 and 2 except that birds were fed 3.3 or 8.2 g of Thr/kg for durations of 7 or 14 d. For chicks, increased dietary Thr resulted in higher levels of intestinal crude mucin excretion in experiment 1 (P = 0.04) but not in experiment 3, whereas intestinal sialic acid excretion increased in experiment 3 (P = 0.02) but not in experiment 1. Furthermore, there was no effect of Thr on intestinal goblet cell density or MUC2 mRNA abundance for broilers. For ducklings, there was an increase in intestinal crude mucin excretion in both experiments (P < 0.05) as dietary Thr increased, although there was no effect of Thr on intestinal sialic acid excretion. There was a tendency for an increase in intestinal goblet cell density (cells/μm of villus length; P = 0.09) as dietary Thr increased in experiment 2. For experiment 4, intestinal MUC2 mRNA abundance increased (P = 0.03) as dietary Thr increased for the 14-d feeding trial but not for the 7-d feeding trial. The data establish a link between dietary Thr and intestinal crude mucin dynamics in chicks for experiment 1 and ducklings for both experiments.
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Intestinal mucin dynamics: Response of broiler chicks and White Pekin ducklings to dietary threonine INTRODUCTION
Mucin is the major constituent of the mucus layer and serves a crucial role in protecting the gut from acidic chyme, digestive enzymes, and pathogens. In addition to its protective functions, mucin is involved in filtering nutrients in the gastrointestinal tract (GIT) and can influence nutrient digestion and absorption. Mucin composition varies from the loosely adherent mucus layer to the firmly adherent mucus layer (Montagne et al., 2004) . Mucin is in a constant state of synthesis and degradation and that present in the loosely adherent layer is repetitive, whereas mucin in the firmly adherent layer contains membrane attachment sites (Montagne et al., 2004) . Any component, dietary or environmental, that induces changes in mucin dynamics has the potential to affect viscosity, integrity of the mucus layer, and nutrient absorption. Dietary factors such as phytate and fiber have been shown to increase mucin secretion (Montagne et al., 2003; Cowieson et al., 2004; Tanabe et al., 2005) . Mucin secretion is increased by antinutritional factors through abrasive interactions with the mucus layer and sloughing of mucin (Montagne et al., 2000) . In turn, goblet cells compensate for the mucin losses by increasing mucin synthesis. Proteins and specific amino acids (AA) have been shown to alter mucin secretion and may interact directly with goblet cells or with the enteric nervous system to elicit changes in mucin secretion (Montagne et al., 2000; Claustre et al., 2002; Faure et al., 2005) . Certain AA such as Thr, Ser, and Cys are of particular interest because of the role they play in the mucin AA backbone. Threonine represents approximately 11% of the AA structure in the mucin gene (MUC2) for humans (Gum, 1992) . Additionally, Ser and Thr in mucin represent approximately 40% of endogenous AA excreted in pigs fed protein-free diets (Lien et al., 1997) . The hydroxyl group of Thr and Ser is necessary for ester linkages on the mucin AA backbone to carbohydrate groups that make up the majority (50 to 80%) of the molecular weight of mucin (Montagne et al., 2004) . There is a dearth of information on the effects of Thr on mucin dynamics in poultry species. A decrease in mucin synthesis in poultry could compromise the mucus layer and reduce nutrient utilization. Thus, 4 experiments were conducted to determine whether dietary Thr alters intestinal mucin secretion, goblet cell density, and MUC2 mRNA abundance in growing broiler chicks and White Pekin ducklings.
MATERIALS AND METHODS

Experimental Design
One-day-old Ross 308 broiler cockerels and White Pekin drakes were obtained from commercial hatcheries. Birds were reared in heated battery cages at 35 and 32°C from d 1 to 7 and d 8 to 14 of age, respectively, with continuous lighting and unrestricted access to water. Bird husbandry and handling procedures were approved by the Purdue Animal Care and Use Committee.
Birds of each species were fed a standard broiler chick starter diet from d 1 to 14 of age and were weighed, wing-tagged, and assigned to 6 replicate cages of 4 birds per dietary treatment on d 14. The 18 groups of birds per species were blocked on basis of weight; each block of similar weights was randomly assigned to each diet in a randomized complete block design. The dietary treatments consisted of semipurified, isonitrogenous corn-soybean meal-based diets with the addition of crystalline AA and graded concentrations of dietary Thr in experiments 1 and 2. Supplementation of Glu served to make the diets isonitrogenous and cornstarch served as a filler. Dietary treatments contained approximately 40% of the Thr requirement (3.3 g of Thr/kg), 70% of the Thr requirement (5.8 g of Thr/kg), or 100% of the Thr requirement (8.2 g of Thr/kg) based on NRC requirements for broiler chicks (NRC, 1994) . Chromic oxide served as an indigestible marker. Birds were fed the dietary treatments from d 14 to 21 of age and were killed by CO 2 asphyxiation at the end of the 7-d feeding trial. Individual bird weight and cage feed intake were recorded at the end of the trial.
For experiments 3 and 4, birds were fed a standard broiler chick diet from d 1 to 14 of age. On d 14, birds were weighed, wing-tagged, and divided into groups. Twenty replicate cages of birds per species were assigned to each dietary treatment with 1 bird per cage in a completely randomized design. Battery cage setup allowed visual and near physical contact with other birds of their species. The dietary formulations were similar to that of experiments 1 and 2. Dietary treatments contained approximately 40% of the Thr requirement (3.3 g of Thr/kg) or 100% of the Thr requirement (8.2 g of Thr/kg) based on NRC requirements for broiler chicks (NRC, 1994 Tables 1  and 2 , respectively. Samples were dried at 105°C in a drying oven (Precision Scientific Co., Chicago, IL) for 24 h for DM determination. Total P was determined using ammonium molybdate according to Onyango et al. (2004) . Chromium concentration in the diets and excreta samples was determined using the method of Fenton and Fenton (1979) . Chromium ratio in the diet to that in the ileal digesta was used to convert intestinal crude mucin and sialic acid content to a DM intake (DMI) basis. 
Chemical Analysis
Excreta were collected on the last 2 d of each experiment. Excreta samples were immediately frozen, subsequently lyophilized (Unitop 600L, Virtis, Gardiner, NY), and ground using a coffee grinder. Crude mucin in excreta samples was analyzed according to modifications of methods described by Lien et al. (1997) . Briefly, 3 g of the lyophilized excreta sample was placed in a 50-mL plastic centrifuge tube. Twenty milliliters of chilled NaCl solution (0.15 M NaCl, 0.02 NaNH 3 , kept at 4°C) was added to the excreta sample and homogenized for 30 s (T25 Basic, IKA Corp., Staufen, Germany). The mixture was then centrifuged at 12,000 × g for 20 min at 4°C. The soluble supernatant was decanted into a 50-mL preweighed tube. Fifteen milliliters of chilled (4°C) absolute ethanol was added to the supernatant for extraction of mucin proteins. The mixture was extracted overnight at −20°C. The mixture was then centrifuged at 1,400 × g for 10 min at 4°C and the mucin pellet was retained. A mixture of 10 mL of chilled NaCl solution (0.15 M NaCl, 0.02 NaNH 3 , kept at 4°C) and 15 mL of chilled absolute ethanol was added to wash the mucin pellet. The sample was extracted overnight at −20°C and then centrifuged at 1,400 × g for 10 min at 4°C. The mucin pellet was washed until a clear supernatant was obtained. Water was removed from the mucin pellet by suction and the pellet was then weighed to obtain crude mucin yield. The pellet was then dissolved in 2 mL of distilled water and immediately frozen at −40°C.
Sialic acid concentration was determined from the purified crude mucin samples using the ferric orcinol assay based on modifications from Schauer (1978) . In this method, bound or free sialic acids are oxidized by HCl in the presence of heat. The oxidized sialic acids form a blue or purple chromophore with orcinol and Fe
3+
. N-Acetylneuraminic acid (Alfa Aesar, Lancaster, UK) was used as the standard. Briefly, 100 μL of crude mucin solution was diluted with 100 μL of distilled water in a 1.5-mL microcentrifuge tube and 200 μL of Bial reagent (0.2 g of orcinol, 81.4 mL of concentrated HCl, 2 mL of 1% FeCl 3 , H 2 O to 100 mL) was added to the samples and heated for 15 min at 100°C in a water bath (Precision, GCA Corp., College Park, MD). The samples were then cooled in room temperature water for 5 min. Isoamyl alcohol (1 mL) was added to the sample, vigorously vortexed, and chilled on ice for 5 min. The samples were then centrifuged at 1,000 × g for 1 min and 200 μL of the upper color phase was transferred to a 96-well plate. Absorbance was measured at 560 nm using a plate reader (SpectraCount, Packard Corp., Meriden, CT). Sialic acid concentration was determined from regression of the standard (Nacetylneuraminic acid) versus absorbance. 
Goblet Cell Count for Experiments 1 and 2
The bird with the median BW in each cage was selected, killed by CO 2 asphixation, and the jejunum was collected. A 10-cm segment was cut from the mid jejunum using a razor blade, placed in 10% buffered formalin for 48 h, dehydrated with ethanol, cleared with Sub-X (Polysciences Inc., Warrington, PA), and placed in paraffin (Polyfin paraffin, Sigma Chemical Co., St. Louis, MO). Sections were stained with Alcian Blue and periodic acid-Schiff reagent (Luna, 1968) . Briefly, tissues were cleared and hydrated, then stained with Alcian Blue solution (1 g of Alcian Blue, 3 mL/L of acetic acid, 97 mL of distilled water, pH 2.5) for 30 min to stain for mucin-containing goblet cells. Tissues were then rinsed in tap water for 10 min, oxidized in periodic acid (5 g/L) for 5 min, rinsed in lukewarm tap water for 10 min, and stained in Coleman's Schiff reagent as a counter stain (Sigma Chemical Co.) for 10 min.
Villi length and width were measured from 5 villi per bird and only complete, vertically oriented villi were measured. Villi length is defined as the length from the villus tip to the valley between villi. Villi width is defined as the width at the midpoint between the villus crypt and the villus tip. Goblet cell counts were taken from the same 5 villi per bird and averaged. Goblet cell density is defined as the average goblet cell count divided by the average villus length.
MUC2 Transcript Quantification for Experiments 3 and 4
On 21 or 28 d of age, 10 cm of the jejunum was removed from each bird. The jejunum is defined as the section of the gut between approximately 5 cm cranial of the residual yolk stalk (Meckel's diverticulum) and 5 cm distal of the end of the duodenal loop. Immediately after removal, intestinal segments were cut in half, exposing the lumen, flushed with double-distilled H 2 O, and mucosal contents were scraped with a metal spatula. Mucosal contents were immediately placed in 5 mL of Trizol reagent (Invitrogen, Carlsbad, CA) and stored at −80°C until RNA isolation. Total RNA was isolated by acid guanidium thiocynate extraction. Briefly, the tissue was homogenized (T25 Basic, IKA Corp.) in Trizol reagent and placed in a 10-mL polystyrene tube and centrifuged at 12,000 × g for 10 min at 4°C. The samples were then incubated for 5 min at room temperature and 1 mL of chloroform was added. The tubes were vortexed, incubated at room temperature for 5 min, and centrifuged at 12,000 × g for 15 min at 4°C. The clear aqueous layer was transferred to a new tube and 2 μg of glycogen was added to aid in visualizing the RNA pellet. The RNA was precipitated from the aqueous layer by addition of 2.5 mL of isopropyl alcohol. The samples were incubated at room temperature for 10 min and then centrifuged at 12,000 × g for 10 min at 4°C. The pellet was washed with 5 mL of 75% ethanol and centrifuged at 7,500 × g for 5 min at 4°C.
The RNA pellet was then placed in a microcentrifuge tube and dissolved in 500 μL of nuclease-free water. Ribonucleic acid was quantified at an absorbance of 260 nm (ND-1000, Nanodrop Technologies Inc., Wilmington, DE) and RNA samples were cleaned by using DNase I and a RNAeasy Mini Kit (Qiagen, Thousand Oaks, CA; Adolfsson et al., 2005) . Reverse transcription was carried out on the cleaned RNA samples using an Omniscript Kit (Qiagen; Huber et al., 2004) , oligo dT (Qiagen), and random decamers (Ambion, Foster City, CA). The abundance of mucin (MUC2) was determined using quantitative reverse transcription-PCR. The primers for MUC2 were as follows: 5′-TCA CCC TGC ATG GAT ACT TGC TCA-3′, forward; 5′-TGT CCA TCT GCC TGA ATC ACA GGT-3′, reverse. Primer PCR reactions used Brilliant SYBR Green and QPCR Master Mix (Stratagene, Cedar Creek, TX). The standard curve was determined by using pooled samples. All reactions were analyzed in triplicate and a percentage difference greater than or equal to 5% was deemed acceptable. A no-reverse transcription control was used from a pool of RNA samples. Water served as a no-template control. Three segments of reactions were run: 1 cycle at 95°C for 10 min; 40 cycles at 95°C for 30 s, 55°C for 1 min, and 72°C for 30 s; and 1 cycle at 95°C for 1 min, 55°C for 30 s, and 95°C for 30 s. Assays with efficiencies between 90 and 110% and r 2 of 0.965 or greater were used for analysis. The MUC2 mRNA was normalized using 18S expression within each sample. The PCR product from the pooled sample for chicks and ducks was run on a gel, extracted using a gel extraction kit (Qiagen; Bryda et al., 2006) , and sequenced at the Purdue University Low Throughput Laboratory to verify the MUC2 amplicon (Purdue University, West Lafayette, IN) versus predicted sequence (National Resource for Molecular Biology Information, 2008 ).
Statistical Analysis
Data were analyzed using GLM procedures of SAS Institute (2006) appropriate for randomized complete block design (experiments 1 and 2) or completely randomized design (experiments 3 and 4). Linear contrast was used for comparing the effect of diet on goblet cell density, crude mucin excretion, and sialic acid excretion for experiments 1 and 2. Bird cage served as the experimental unit. Outliers were determined by examination of the studentized residuals using regression procedures of SAS Institute (2006). Data were tested for normality using univariate procedures of SAS Institute (2006). The level of significance was P < 0.05 and a trend was defined as 0.05 < P < 0.10.
RESULTS
Growth performance was monitored throughout all of the experiments. For experiment 1, chicks fed 3.3, 5.8, and 8.2 g of Thr/kg gained 42.7, 64.0, and 70.5 g, whereas for experiment 2, ducks gained −17.5, 85.8, and 157.5 g when fed 3.3, 5.8, and 8.2 g of Thr/kg, respectively. For experiment 3, chicks gained 31.4 and 198 g when fed 3.3 and 8.2 g of Thr/kg, respectively, and ducklings in experiment 4 gained −2.9 and 563.5 g when fed 3.3 or 8.2 g of Thr/kg respectively.
Data for intestinal goblet cell number and density are presented in Table 3 . Dietary Thr did not affect goblet cell count or density in the jejunum of broiler chicks fed dietary treatments for 7 d. For ducklings, goblet cell count was not affected, whereas there was a tendency for an increase in goblet cell density per micrometer of villus length (P = 0.09) as dietary Thr increased.
Data for crude mucin and sialic acid excretion from experiments 1 and 2 are presented in Table 4 . There was a linear increase in crude mucin excretion in chicks when expressed per kilogram of excreta (P = 0.02) as dietary Thr increased. Crude mucin excretion expressed per kilogram of DMI was not affected by dietary Thr. Sialic acid excretion was not affected by dietary Thr. For ducklings, diet affected crude mucin excretion (P < 0.05) regardless of whether expressed per kilogram of excreta or per kilogram of DMI. Furthermore, there was a linear effect of dietary Thr on crude mucin excretion (P = 0.02). Crude mucin excretion increased from 199 to 373 g/kg of excreta or 41 to 99 g/kg of DMI when dietary Thr was increased from 3.3 to 8.2 g/kg. Sialic acid excretion was not affected by dietary Thr.
Data for crude mucin and sialic acid excretion for experiments 3 and 4 are presented in Table 5 . Dietary Thr did not affect crude mucin excretion in chicks fed There was no effect of diet on MUC2 mRNA abundance in chicks fed for 7 or 14 d (Table 6 ). The mean mRNA abundance was 1.5 and 1.1 arbitrary units (AU) for chicks fed dietary treatments for 7 and 14 d, respectively. For ducklings fed dietary treatments for 7 d, there was no effect of diet, whereas there was an increase in MUC2 mRNA abundance (P = 0.03) with increased dietary Thr when fed for 14 d. The MUC2 PCR product was 96% homologous between chicks and ducks.
DISCUSSION
The essential AA Thr may be of particular interest in terms of intestinal growth and development due to its importance in the structure of mucins (Burrin and Stoll, 2002) . For broiler chickens, the estimated Thr requirement is 8.0 or 7.4 g of Thr/kg for 0-to 3-or 3-to 6-wk-old chicks, respectively (NRC, 1994) . Specific values are not given for the Thr requirement of ducklings, although values are currently extrapolated from broiler chick requirements. In the current experiments, dietary Thr was restricted to 70% (5.8 g of Thr/kg) or 40% (3.3 g of Thr/kg) of the required level for broiler chicks, which would allow for the understanding of the mechanisms by which Thr affects mucin dynamics in poultry species. A dearth of information exists in terms of AA and mucin dynamics in poultry; therefore, direct comparisons cannot be made. Intestinal mucins are secreted by goblet cells, which increase in density distally along the GIT to the ileum. The distal jejunum, sampled for histological examination in the current study, was of particular interest because it is a major site of nutrient absorption in poultry. Total goblet cell counts were not affected by Thr in chicks or ducklings. Goblet cell density (cells/μm of villus length) was numerically, but not significantly, increased from 1.6 to 2.3 cells/μm of villus length in broiler chicks, whereas for ducklings, there was a tendency for an increase in goblet cell density by 19.6% when dietary Thr increased from 3.3 to adequate 8.2 g/ kg. To our knowledge, no studies have been published examining the effects of specific AA on goblet cell density. However, studies exist examining the effects of dietary components, probiotics, and feed intake on goblet cell density. Uni et al. (2003) found that a 48-h starvation period increased goblet cell density when compared with fed chicks. Changes in goblet cell density may be indicative of changes in mucin degradation and synthesis. Changes in mucin synthesis may alter mucin thickness, viscosity, and sulfation. Decreased mucin synthesis could affect the integrity of the mucus layer, compromising gut protective functions, and affect nutrient transport to the villus apical surface. The level of sulfation of mucin glycoproteins may have implications in terms of bacterial interactions. The more acidic sulfated mucins may be able to resist bacterial degradation, therefore preventing pathogen translocation to the gut wall (Uni et al., 2003) . For the current study, goblet cell density was not affected by dietary Thr in the jejunum of chicks, although there was a trend for increased jejunal goblet cell density in ducklings as dietary Thr increased. Ducklings have a greater rate of growth than chicks, which could explain why histological differences existed between species (NRC, 1994). Goblet cells have a lifespan of 3 to 5 d; therefore, it may be possible that a 7-d feeding trial was not sufficient time to visualize differences in goblet cell density in chicks. Because goblet cell density tends to be greatest in the ileum, perhaps an examination of ileal villi could provide more distinctive changes in mucin synthesis.
Crude mucin and sialic acid excretion are indicators of total mucin dynamics in the GIT. Changes in crude mucin excretion in response to increasing dietary Thr could be indicative of changes in the mucus layer. Furthermore, sialic acid is a common carbohydrate group in the mucin molecule and total excretion may be proportional to mucin excretion. The current data show that sialic acid is not an accurate and consistent predictor of crude mucin excretion. There was an increase in crude mucin per kilogram of DMI by 56% as Thr increased for ducklings, indicating an effect of DMI on crude mucin excretion for chicks but not for ducklings. There was no effect of dietary Thr on sialic acid excretion expressed per kilogram of excreta or per kilogram of DMI for broiler chicks or ducklings in experiments 1 and 2. There was a 33 or 38% increase in sialic acid excretion as dietary Thr increased when sialic acid excretion was expressed per kilogram of excreta or per kilogram of DMI, respectively. Additionally, crude mucin excretion increased by approximately 33% when dietary Thr was increased from 3.3 to 8.2 g/kg in ducklings for the 7-or 14-d feeding trials, although there was no effect of diet on sialic acid excretion. Previous research by Uni et al. (2003) reported that feed intake significantly increased the percentage of mucin-containing goblet cells, suggesting changes in mucin dynamics. Differences in crude mucin excretion between this study and those cited above may be due to experimental design and bird age. Adedokun (2007) reported values similar to those in this study for crude mucin excretion in turkey poults. Adedokun (2007) reported that feeding turkey poults casein or corn-soybean meal-based diets increased crude mucin excretion when compared with poults fed N-free diets. Previous research has shown that increasing dietary CP increases crude mucin output (Lien et al., 1997; Montagne et al., 2000; Adedokun, 2007) . Lien et al. (1997) reported an increase in mucin output from 2.7 to 3.4 g/d in pigs fed a protein-free diet supplemented with a complete AA mixture when compared with pigs supplemented with a saline mixture. Furthermore, Montagne et al. (2000) reported the mucin flow in the jejunum of dairy calves to be 1.8, 2.5, 3.0, and 3.5 g/ kg of DMI, when dietary CP was 0.14, 10.4, 20.5, or 27.9%, respectively. Although minimal information exists in terms of specific AA and mucin dynamics, Faure et al. (2005) reported an increase in mucin protein synthesis in growing rats when dietary Thr increased from 30 to 100% of the requirement. Sialic acid can be used as a marker of total mucin output because of its high concentration in the mucin molecule, although previous research suggests that diet can influence mucin carbohydrate structure (Turck et al., 1993; Sharma et al., 1997; Montagne et al., 2000) . Cowieson et al. (2004) reported that tube-feeding chickens 1 g of purified phytic acid increased sialic acid excretion from 1.87 to 5.33 mg when compared with glucose-fed control birds. For chicks, crude mucin excretion increased in experiment 1 and sialic acid excretion increased in experiment 3 as dietary Thr increased, which suggests a link between Thr and mucin dynamics. For ducklings, crude mucin excretion was clearly increased when dietary Thr increased, although similar results were not seen for sialic acid excretion.
Intestinal mucins in mice can be broadly divided into 2 categories, gel-forming or membrane-bound. Gelforming mucins are present in the loosely adherent mucin layer; are expressed by the MUC2, 5, 6, and 7 genes; are more repetitive in their AA structure; and contain a higher proportion of ester-linked carbohydrates (Montagne et al., 2004) . Membrane-bound mucins contain cell adhesion domains, are present in the firmly adherent mucus layer, and are represented by the MUC1, 3, 4, and 12 genes (Montagne et al., 2004) . Mucin transcript abundance is insightful for understanding if mucin synthesis is affected by dietary Thr at the transcriptional level. Mucins present in the loosely adherent layer tend to contain more Thr in their AA structure and may be more sensitive to a Thr deficiency. For chicks fed dietary treatments for 7 or 14 d, there was no effect of diet on MUC2 mRNA abundance. For ducklings fed dietary treatments for 7 d, there was no effect of diet on MUC2 mRNA abundance, whereas MUC2 mRNA abundance increased by 37% when dietary Thr was increased from 3.3 to 8.2 g/kg for ducklings fed dietary treatments for 14 d. Crude mucin excretion was regressed against MUC2 mRNA abundance to examine the relationship that exists between mucin protein excretion and mucin mRNA abundance. The regression of crude mucin (g of crude mucin/kg of DMI) against MUC2 mRNA abundance gave the equation y = 61.23 (SE 19.66) + 30.88x (SE 10.88), r 2 = 0.29 for chicks and y = 18.20 (SE 16.22) + 18.45x (SE 6.55), r 2 = 0.54 for ducklings. In chicks, there was a poor relationship between crude mucin excretion and MUC2 mRNA abundance. For ducklings, a stronger relationship existedbetween crude mucin excretion and MUC2 mRNA abundance such that as MUC2 mRNA abundance increased, crude mucin excretion increased. Faure et al. (2005) reported no changes in MUC2 mRNA levels in the small intestine in Thr-restricted rats, although interestingly, MUC3 mRNA was lower in rats fed 30 or 150% of the Thr requirement. The expression of MUC3 mRNA in the small intestine was 0.80 AU in rats fed 30% of the dietary Thr requirement, compared with 1.19 AU in rats fed 100% of the dietary Thr requirement. Faure et al. (2005) hypothesized that a Thr deficiency restricts the majority of mucin synthesis at the translational level. For the current experiment, there was a relationship between crude mucin excretion and MUC2 mRNA abundance in ducklings but not chicks.
The mechanism by which a Thr deficiency decreases mucin synthesis is not fully understood, although it is known that Thr is a key component to the mucin structure. Mucins may be more sensitive to Thr because of the prevalence of the AA in the protein structure. Threonine represents approximately 11% of the mucin structure (MUC2) in humans (Gum, 1992) . Changes in mucin secretion in terms of a Thr deficiency are most likely at the translational level, although for the current study, MUC2 transcript abundance was decreased in ducklings fed a Thr-deficient diet for 14 d. Changes in crude mucin or sialic acid excretion were observed in chicks and ducklings fed Thr-deficient diets for 7 or 14 d. A decrease in crude mucin excretion indicates a decrease in mucin synthesis in the GIT. Changes in mucin secretion could result in changes in the carbohydrate profile of the mucins, which in turn could change the charge and viscosity of mucin. A change in mucin carbohydrates could influence adhesion of bacteria to the gut wall and affect competitive exclusion of pathogens. For example, although mannose represents a relatively small portion of the mucin carbohydrate structure, it has been hypothesized to play an important role in fixation of commensal bacteria (Lien et al., 1997) . Additionally, some bacterial species have been shown to upregulate specific transferases to alter the mucin carbohydrate structure, exemplifying the importance that mucin carbohydrates have in bacterial interactions. Bacteroides thetaiotaomicron induces expression of α1, 2-fucosyltransferase mRNA, increasing fucose content of mucin, which may be readily metabolized by B. thetaiotaomicron (Bry et al., 1996) . Decreased mucin synthesis could affect the thickness and integrity of the mucus layer. An altered mucus layer, in terms of thickness and viscosity, could affect bacterial interactions and nutrient absorption. A second hypothesis is that a Thr deficiency decreases overall gut protein synthesis.
Although this hypothesis was not tested in the current studies, a Thr deficiency possibly reduces total protein synthesis in the gut and inhibits proper gut growth and development. In contrast to this hypothesis, Faure et al. (2005) reported a Thr deficiency to specifically inhibit mucin synthesis in rats, whereas mucosal protein synthesis was not affected.
A Thr-deficient diet has implications on crude mucin or sialic acid excretion in broiler chicks and ducklings. Goblet cell count was not affected in chicks or ducklings as dietary Thr increased. Goblet cell density was not affected in chicks, whereas there was a tendency for a decrease in ducklings fed a Thr-deficient diet. Additionally, MUC2 abundance was reduced in ducklings fed a Thr-deficient diet for 14 d. Changes in mucin secretion could affect thickness, viscosity, and integrity of the mucus layer. Such changes in the mucus layer have implications for gut protective functions and may affect intestinal nutrient absorption.
